During the carbonization process of raw polymer precursors, graphitic structures can evolve. The presence of these graphitic structures affects mechanical properties of the carbonized carbon fibers. To gain a better understanding of the chemistry behind the evolution of these structures, we performed atomistic scale simulations using the ReaxFF reactive force field. Three different polymers were considered as a precursor: idealized ladder PAN (polyacrylonitrile), a proposed oxidized PAN and PBO (poly(p-phenylene-2,6-benzobisoxazole)). We determined the underlying molecular details of polymers conversion into a carbon fiber structure. Since these are C/H/O/N-based polymers, we first developed an improved force field for C/H/O/N chemistry based on the Density Functional Theory (DFT) data with a particular focus on N2 formation kinetics and its interactions with polymer-associated radicals formed during the carbonization process. Then, using this improved force field, we performed atomistic scale simulations of the initial stage of the carbonization process for the considered polymers. Based on our simulation data we determined the molecular pathways for the formation of low-molecular weight gas-species, all-carbon rings crucial for further graphitic structures evolution and possible alignment of the evolved all-carbon 6-membered rings clusters.
INTRODUCTION
Although carbon fibers have been used to manufacture the lighter and stronger materials since 1970 1 , there is a constant need to lower production cost without compromising mechanical properties. Since at least 50% of the current cost of carbon fiber production is the cost of the commonly used polymer precursor, PAN (poly acrylic nitrile) 2 , one possible option for lowering production cost of carbon fibers is to consider a different polymer as the precursor. A range of different laboratory engineered, as well as natural, polymers are being intensively investigated for this purpose, as an alternative route for carbon fiber production 2, 3 . While there are multiple successful examples, such as pitch or lignin-based produced fibers 4 , the constraints regarding required mechanical properties for the carbon fibers can still be challenging 5 . One of the main structural components responsible the mechanical properties of carbon fibers are graphitic structures that evolve during the carbonization process 3 . The evolution of these graphitic structures depends on the carbonization conditions (e.g. temperature and carbonization time)
as well as the details of the molecular structures of the raw precursor fibers. Obtaining a deeper knowledge of the underlying molecular rearrangements that take place during carbonization process is an important step to understand evolution of graphitic structures. This knowledge can help us to eventually identify a possible candidate for a satisfactory polymer precursor.
Reactive atomistic simulations can be a very useful tool to gain information about chemistry behind molecular changes during the carbonization process and possible graphitic structures evolution. The
ReaxFF reactive force field 6, 7 has been successfully applied to a wide variety of systems and their properties 8 , in particular for graphene mechanical properties investigations 9 or oxidation and pyrolysis of hydrocarbon fuels 10 . To date, simulations of the carbonization process using ReaxFF force field have been presented only for idealized ladder PAN 11 . These idealized ladder PAN molecules consist of C/H/N atoms only and the need for an improved force field, with parameters extended to C/O/H/N chemistry, has been suggested 11 so that more realistic, oxidized PAN molecules could also be considered in the reactive simulations. Here we present an improved ReaxFF force field parameter set, suitable for such C/H/O/N-based polymers simulations. With use of these new ReaxFF force field parameters, we investigated the carbonization process of PAN (idealized ladder and oxidized) and compared it with a possible alternative carbon fiber C/H/O/N-based polymer precursor: PBO (poly(p-phenylene-2,6-benzobisoxazole)) 12, 13 . PBO is considered to be an alternative carbon fiber precursor, since it was shown that an oxidation step, prior to the carbonization in the carbon fiber production, is not required for the PBO fibers, while such an oxidation step is necessary for PAN fiber polymers, increasing its production costs. PBO is a synthetic polymer with a rigid structure free of any potentially fuel-forming aliphatic -CH groups. The PBO fibers are known for their inherent superior thermooxidative stability, excellent tenacity, high resistance to solvent and easy processing properties 14 . While PBO is currently expensive, this wide range of useful properties ensures a constant rise in commercial applications of these fibers that will likely lead to a significant price reduction in the near future.
Based on the simulations of the carbonization process for these three different polymers (idealized ladder PAN, oxidized PAN and PBO, as shown in Fig. 1 ), we want to gain a deeper understanding of how the underlying molecular details of these polymers relate to the evolution of graphitic structures.
All considered samples have the same thermal history and details of the carbonization simulations are presented later. First, we aimed to find out if the atomistic differences in the molecular structure of the PAN polymers, the idealized ladder PAN and oxidized PAN, can affect the nitrogen molecule production as well as all-carbon rings production. Then, in order to extend the question regarding possible correlations between underlying molecular details of precursor molecules and all-carbon ring production, we compared the data for the carbonization simulations for oxidized PAN and proposed alternative precursor, PBO. We also tested if the differences in the initial configurations, with polymers placed randomly in a box, vs aligned in one direction, could affect our results, for example by enhancing all-carbon rings evolution due to initial particular arrangement of nitrogen atoms. Further, based on the performed simulations, we proposed small molecules and all-carbon rings production pathways and assessed possible 6-membered rings alignment for all considered polymers.
METHODS

SIMULATIONS DETAILS
ReaxFF Reactive Force Field
The ReaxFF reactive force field based method can simulate bond formation and bond breaking as they occur during molecular dynamics simulations, thus enabling simulation of chemically reactive systems.
ReaxFF uses a bond order-bond distance 15, 16 relation in conjunction with the bond order-bond energy relation, which enables it to properly simulate the smooth formation and dissociation of bonds. All the connectivity dependent terms like bond, angle and torsion are made bond order dependent so that their contribution will diminish if the bond breaks. However, non-bonded interactions like van der Waals and
Coulomb are calculated between every pair of atoms irrespective of their connectivity. Though the nonbonded interactions are not bond order dependent, they are highly dependent on the distance of the atom pairs, so these contributions need to be updated at each iteration. ReaxFF calculates atomic charges using a geometry-dependent charge calculation scheme and uses Electronegativity Equalization Method (EEM) 17 for this purpose. Additionally, to eliminate discontinuities in the non-bonded interaction energies and to reduce the range of the Coulomb-interactions, a seventh order Taper function is employed, 6 which ensures that all non-bonded terms, together with their first, second, and third derivatives, go to zero at the non-bonded cutoff distance, which is typically picked to be 10 Ångstrom.
In short, ReaxFF uses the following equation to find the energy and then the force on each atom: 
Parameterization of ReaxFF CHON force field
The quality of a molecular dynamics simulation depends on the accuracy of the force field parameters, therefore, these parameters needed to be trained against available experimental or quantum mechanical (QM) based density functional theory (DFT) data. Our system of interest (carbon fiber precursors) contains C, H, O and N atom types, therefor we started our force field training with recently developed CHO-2016 force field by Ashraf et al. 28 and added the N atom type in the force field. Since CHO-2016 is trained for C/H/O chemistry, especially for chemistry of small molecules, we only needed to train the bond/angle/dihedral parameters that involve any N atoms. Here, it is important to mention that the carbon parameters of CHO-2016 parameters are taken from Srinivasan et al.
9
, which were basically developed for obtaining better mechanical properties for graphene. Thus, these parameters are very much relevant to this project as we would like to estimate the mechanical strengths of the generated carbon fibers. 
ReaxFF Simulations
The molecular structures of the considered polymers are presented in Fig. 1 . The PAN molecules were chosen to have 15 repeat units and oxidized PAN was built based on a proposed molecular model obtained from experimental data 32 . The PBO molecule has 4 repeat units, so the total number of carbon atoms in each considered polymer was comparable. Each of these polymers were initially energy minimized and then 16 polymers of the same type were placed in the simulation box, either randomly or aligned ( Fig. 3 (a) ), leading to 6 systems for consideration. All simulations, unless indicated differently, were performed using NVT ensemble, with constant number of molecules (N), volume (V) and temperature (T). We used the Berendsen 33 thermostat with a temperature coupling constant 100 fs.
For all considered systems periodic boundary conditions were applied, the time step was chosen to be 0.25 fs, and a bond order cutoff for molecule identification of 0.3 was used. Initially, all simulations boxes were deformed, so the densities for all considered systems were 1.6g/cm 3 , the approximate experimental density for PAN and PBO
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. All these systems were then equilibrated for 100 ps at temperature of 300 K using NVT ensemble. The last three configurations, saved every 10 ps, for all systems, were chosen as an initial configuration, so we could have three different samples for each system. Then all samples were heated with rate of 10K/ps up to 2800K and then NVT simulations were performed for 900 ps. All presented simulations were performed with ADF simulation software 31 .
RESULTS AND DISCUSSION
As mentioned earlier, only the reactive simulations for idealized ladder PAN have been previously we did plot a percentage of the produced N2 molecules with respect to maximum possible number of these molecules produced for each of the systems. Based on the shape of the nitrogen molecules production curves, it is clear that we do have a systematically increasing production of these molecules.
Once an N2 molecule is produced, it does not react back with the rest of the molecules in the system. This inert characteristic of the nitrogen molecules is expected, due to the extremely strong triple bond that exists in the nitrogen molecule. However, the simulations of the ladder PAN system with use of the CHON-2010 ReaxFF force field show consistent N2 production only during active removal of these molecules from the simulations box, as applied by Saha et al.
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. We can also say that the number of the N2 molecules produced in the case of oxidized PAN is higher for any of the considered initial configurations, aligned or random, compared to the idealized ladder PAN.
Figure 4:
The nitrogen molecules and all-carbon rings productions. (a) A comparison of the nitrogen molecules productions for ladder PAN system and proposed oxidized PAN in the case of the all polymers initially placed randomly in the simulation box or aligned (see Fig. 3 (a) ). The percentage is calculated with respect to maximum possible N2 molecules that could be created for each system, based on the molecular structure of the considered polymers. (b)-(d) A comparison of 5/6/7-membered rings production for the same samples: ladder/oxidized PAN with random/align initial configurations. All data are obtain from NVT simulations at T= 2800K, after initial equilibration at 300K and heating the systems with constant heating rate 10K/ps. The presented curves represent the averaged values from 3 different samples for each system, where shadow areas represent the corresponding standard deviations.
In the case of the oxidized PAN, the initial alignment does not affect nitrogen molecule production. This is not true for ladder PAN, where for the initially aligned chains the N2 production is the smallest. Since all simulations were performed in the same conditions, the origin of these discrepancies likely comes from the structural diversity of the polymer chains. The main differences in the molecular structures of ladder and oxidized PAN is the presence of the five carbonyls, one hydroxyl and 8 imide groups for the oxidized PAN, whereas in the case of ladder PAN there are no oxygen-containing groups and none of 15 nitrogen atoms are hydrogenated. For the oxidized PAN, the initial chain alignment (where chains are aligned such that nitrogen atoms from adjacent chains are the closest neighbors) is apparently not required for N2 production, since for all samples with the polymers initially aligned or placed randomly in the box, we have a comparable number of nitrogen molecules produced. On the other hand, for ladder PAN we do have less N2 molecules produced in the case of the polymer chains that are initially aligned, and this initial alignment makes the N2 production even smaller. Based on these observations, we can conclude that the initial proximity of the nitrogen atoms is not required for the nitrogen molecules to be produced. As mentioned earlier regarding the structural differences between ladder and oxidized PAN, we can also speculate that the presence of imide groups can be helpful for this production. The evidence to support this speculation will be presented later based on the reaction pathways observed for the production of the gas molecules. Our carbonization simulations were performed at relatively high temperature, 2800K, compared to experimental temperatures range of 1800-2300K 36 , so we can observe reasonable amounts of reactions at relatively short time scale (less than 1 ns). This might cause some discrepancies between the simulations and experimental data, like the temperature when N2 molecules start to be produced. Even so, the experimental data for PAN precursor shows that nitrogen production is quite characteristic for temperatures > 800K 36 , whereas the observed crystallinity for PAN fibers is not reported above 600K
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. These experimental observations reflect our simulations data, which shows the comparable nitrogen molecules productions for oxidized PAN are independent of initial polymer alignment.
We also compared all-carbon rings production for ladder and oxidized PAN, as seen in Fig. 4 (b-d) , for 5-/6-/7-membered rings, respectively. While 5-and 7-membered ring productions are only a little smaller for ladder PAN compared to oxidized PAN for all considered samples, the 6-membered rings production is significantly smaller for any of the ladder PAN samples compared to the oxidized PAN.
This indicates that there is no simple relation between the all-carbon rings and nitrogen molecules productions, since we do not observe the same trend for these productions for ladder versus oxidized PAN samples. Since, the 6-membered rings are the basic building blocks for graphitic structure, the more 6-membered rings are in the system, the better the chance for graphitic structure to evolve. In Fig.   4 b) we see that the number of 6-membered rings is growing for all samples, whereas the number of 5- and 20% of 7-membered rings. Moreover, in the case of PBO samples, we can notice a delay in the 6-membered ring productions for the polymers initially aligned, which appears to be correlated with the delay in the 5-membered ring production, see Fig. 5 (a-b) . Based on this observation, we can suspect that 5-membered rings can often be the origins of the 6-membered rings. This observation was also proposed earlier, based on the ladder PAN simulations 29 and will be further discussed in the following material.
As is generally accepted, during the carbonization process small molecules dissociate from polymer chains and are released as gases. Based on the reactive simulations, we can make predictions regarding possible released gases and understand the origins of the differences in these small molecule productions based on the atomistic diversities of the considered polymer precursors. The comparison of the H2, H2O, CO and CO2 production for the oxidized PAN and PBO is presented in Fig. 6 . An overall relative ratio of these small molecules produced during the heat treatment observed in our simulations and the one reported based on the experimental data are in the reasonable agreement 38 , with higher CO and CO2 production observed for PBO and higher H2O production observed for oxidized PAN samples. Based on the data plotted in Fig. 6 , we can say that there are no significant differences in the considered small molecule productions for either oxidized PAN or PBO, based on the initial polymer configurations, random versus aligned, except for CO production for PBO. A delay in the production of carbon monoxide for the PBO samples with polymers initially aligned is observed. This delay can be correlated with the delay in the 5-membered rings production and 6-membered rings, that are part of the PBO polymer backbone opening (see Fig. 5 (a-b) ) observed for these systems, compared to the ones with polymers initially randomly placed in the box. This suggests that a release of the CO molecule often result in 5-membered ring production and 6-membered rings opening. Overall, we observe higher H2
and H2O production for oxidized PAN compare to PBO, whereas in the case of CO and CO2 production, the trend is reversed, with more carbon monoxide or dioxide produced for any PBO system compared to oxidized PAN. This observation confirms a role of the oxazole groups present in the PBO chains that are a source of the carbon monoxide and carbon dioxide molecules and are a starting point for all-carbon ring production. On the other hand, the hydrogen-based molecules, like H2 and H2O, appear to play this role in the case of the oxidized PAN systems. Based on the data reported in literature 39 we know that for oxidized PAN samples, and also ammonia and hydrogen cyanide production should be observed.
However, we know also, that in the case of the elevated pressure and temperature, these molecules might be not stable. Dattelbaum et al. 40 report that for shockwave compression of ammonia gas they do observe conversion of the ammonia into N2 and H2 molecules. To test the possibility of production of HCN and NH3 molecules without letting them react, we performed a simulation for the oxidized PAN sample while removing these CHN and NH3 molecules from the simulation box every 2000 time steps and compared the data from this simulation with the data for the sample where no small molecules were removed, as seen in Fig. 7 . We do observe a significant reduction in the hydrogen and nitrogen molecules productions for the system when ammonia and hydrogen cyanide molecules are systematically removed from the simulation box, as seen in Fig. 7 (a) and (c). Also, we observe a systematic production of these molecules, NH3 and HCN as shown in Fig. 7 (b) and (d), in the case of the simulations were these molecules are removed during a course of the simulations. Moreover, if we compare the all-carbon rings Figure 7 : The gas production for system with and without removing ammonia and hydrogen cyanide. The comparison of the production of the (a) hydrogen (H2) , (b) hydrogen cyanide (HCN), (c) nitrogen (N2) and (d) ammonia (NH3) molecules for the simulations of the same system performed at two conditions: where no molecules were removed (red curve) and when NH3 an HCN molecules were removed every 0.5 ps during the course of the simulations (blackred line).
production for these two cases, without and with systematic removal of the small molecules from the simulations box, see Fig. 8 , we note that this removal affects mostly the 6-membered rings production, which is significantly reduced compared to the closed system simulations. These differences can be correlated with the experimental observation of the variations in the cross-sectional structure of the carbonized fibers 3 , with the core part better represented by the simulations of the closed system, where no molecules are removed from the simulation box, and the skin part of the carbon fiber is better
represented by the open system simulations. Figure 8 : The all-carbon rings production for system with and without removing ammonia and hydrogen cyanide. The comparison of (a) 5-membered, (b) 6-membered (c) 7-membered rings production for the simulations of the same system performed at two conditions: where no molecules were removed (red curve) and when NH3 an CHN molecules were removed every 0.5 ps during the course of the simulations (black-red line).
A closer look into a simulation trajectory allows us to extract the possible pathways for the considered molecule production. While some scenarios were proposed earlier based on the experimental 36 or simulations data 29 , we observe in our reactive simulations scenarios not reported previously. In Fig. 9 (a-b) the snapshots presenting a formation of the hydrogen molecules are presented. For each snapshot a frame number is indicated in the left corner. These frames were stored every 6. there are -NH groups present along the polymer backbone, whereas in the case of ladder PAN none of the nitrogen is initially hydrogenated, see Fig. 1 (a-b) . This explains why we do not observe a significant difference in N2 production for oxidized PAN with chains initially aligned or not, as well as the reduced nitrogen molecule production for ladder PAN samples compare to the oxidized ones. For ladder PAN with polymers initially aligned in the box, it can be more difficult for nitrogen atoms to be hydrogenated, so we observe even more reduced N2 production for systems with initial alignment for ladder PAN, see Fig. 4 (a) . In the case of water molecules production, a proximity of -OH and -NH groups results in a release of the H2O molecule, Fig. 10 a-b) , for both, oxidized PAN as well as PBO. However, in the case of the PBO systems, much more oxygen atoms contribute in a carbon monoxide release than water, as can be expected, since for CO to be released only C-O bond in the oxazole group needs to be broken, whereas for H2O to be released the nearby presence of -NH group is also necessary. In the case of oxidized PAN two C-C bonds need to be broken for one carbon monoxide molecule to be released, therefore we observe smaller carbon monoxide production for oxidized PAN compare to PBO. The release of the gas molecules leaves mostly carbon-based, "reactive" polymers that eventually organize themselves into ring clusters. In Fig. 11 the possible pathway for evolution of such ring clusters is presented. In Fig. 11 (a-b) we see the initial 5-membered ring and then adjacent 8-membered ring creation, followed by 6-membered ring adjacent to the existing 8-membered creation on one side, and 5-membered on the other side, Fig. 11 (c-d) . Next, the 7-membered and 10-membered rings are assembled alongside the existing 8-and 6-membered rings, Fig. 11 (e-f) . In Fig. 11 (g ) the 5-membered ring is opening and then part of this ring recombines with an existing 7-membered ring, forming a 9-membered ring, Fig. 11 (h) . Then, the existing 10-membered ring is transformed into two smaller rings, 5-and 7-membered ones, Fig. 11 (i). In Fig. 11 (j) we see that on the other edge of the evolving cluster, another 5-membered ring forms. A new 6-membered ring is assembling on the edge of the existing 9-membered ring and the initial 5-membered ring, while the recently formed 5-membered ring is opening and capturing an extra carbon atom from the surroundings, Fig. 11 (k) . Consequently, in Fig. 11 and (j) another 5-membered ring forms. (k) A new 6-membered ring is assembling on the edge of the existing 9-membered ring and the recently formed 5-membered ring is opening and capturing one more carbon from surrounding. (l) The 9-membered ring opening, capturing one more carbon from surrounding and eventually closing, which leads to transformation of the 9-membered ring into 10-membered one and also already open 5-membered ring with one more carbon atom captured forms 6-membered ring. (m) Another new 6-membered ring is forming and finally (n) the 10-membered ring is transforming into two connected 6-membered rings. For each snapshot a frame number is indicated in the left corner. These snapshots were store every 6.25 fs of the carbonization process performed at NVT ensemble at T= 2800K.
An example of the final ring cluster evolved after 900 ps of the carbonization simulations at 2800K for one of the PAN samples is presented in Fig. 12 (a) . As we can see, the majority of the rings are 6-membered rings, with some 5-membered, 7-membered and hetero-atoms rings. Since the 6-membered rings are the basic building blocks for the possible graphitic structure, we considered only these rings for an alignment test. The example snapshots representing the orientation of only 6-membered rings for each considered system are given in Fig. 12 (b) . Qualitatively we can say that we do not observe any preferential orientation of these 6-membered clusters, which again indicates the early stage of the carbonization process. The quantitative assessment of this possible alignment can be measured by the
Herman function
41
, that is defined as: 
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, suitable for production of small molecules, like CO2/CO, H2O.
Moreover, CHON-2019 parameters were also trained for C/N/H chemistry based on the new DFT data with a particular focus on N2 formation kinetics. Equipped with this CHON-2019 ReaxFF parameters set, we were able to answer questions pertaining to the underlying molecular details of the conversion of PAN and PBO polymers and relate this to the nitrogen and other gas molecule formation, as well as to all-carbon rings production which is a starting point for evolution of graphitic structures. First, we determined that presence of the amide groups for PAN is important for effective N2 production. In the case of the oxidized PAN and a possible alternative precursor, PBO, we were able reproduce the main gas products observed during the heat treatment of these polymer fibers. For oxidized PAN the main products are N2, H2, H2O, for a closed system, and hydrogen cyanide and ammonia for system where these molecules systematically removed during the carbonization simulations. For PBO the main products we observed in our simulations are hydrogen, water and carbon monoxide. Based on the analysis of the snapshots from the carbonization simulations we were able to propose some previously unreported alternative reaction pathways for these systems.
We also analyzed the all-carbon rings production for all considered systems and were able to determine that 6-membered rings do not evolve only from 5-membered rings, but also from other all-carbon rings with more that 6 carbon atoms. Moreover, based on our analysis we can determine that PBO polymers can be a promising alternative precursor for carbon fiber productions, since we do observe the highest 6-membered rings production for any of the samples by using PBO polymers. However, based on the final cluster composition analysis and possible 6-membered rings alignment, we know that the reported carbonization simulations describe only the initial stage of the carbonization process. Longer simulations time, as well as the bigger systems, will need to be considered for a full graphitic structure to be able to evolve. 
